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The 30-terminal CCA (C74C75A76-30) of tRNA is
required for protein synthesis. In Aquifex aeolicus,
the CCA-30 is synthesized by CC-adding and A-add-
ing enzymes, although in most organisms, CCA is
synthesized by a single CCA-adding enzyme. The
mechanisms by which the A-adding enzyme adds
only A76, but not C74C75, onto tRNA remained
elusive. The complex structures of the enzyme with
various tRNAs revealed the presence of a single
tRNA binding site on the enzyme, with the enzyme
measuring the acceptor-TJC helix length of tRNA.
The 30-C75 of tRNA lacking A76 can reach the active
site and the size and shape of the nucleotide binding
pocket at the insertion stage are suitable for ATP. The
30-C74 of tRNA lacking C75A76 cannot reach the
active site, although CTP or ATP can bind the active
pocket. Thus, the A-adding enzyme adds only A76,
but not C74C75, onto tRNA.
INTRODUCTION
Every tRNA has a CCA sequence at its 30 terminus (positions 74–
76, C74C75A76-30) and this sequence is required for protein syn-
thesis (Sprinzl and Cramer, 1979). The CCA sequence of tRNA is
synthesized by the CCA-adding enzyme, CTP (ATP) tRNA nucle-
otidyltransferase (Deutscher, 1990; Weiner, 2004). The CCA-
adding enzyme synthesizes and/or builds the CCA using CTP
and ATP as substrates but without using a nucleic acid template.
The CCA-adding enzymes belong to the nucleotidyltransfer-
ase (NTR) superfamily (Holm and Sander, 1995) and are classi-
fied into two classes: archaeal CCA-adding enzymes (class I)
and eubacterial/eukaryotic CCA-adding enzymes (class II) (Yue
et al., 1996). Both classes of enzymes catalyze the same reaction
in a defined manner but do not share significant amino acid ho-
mology (Yue et al., 1996). Moreover, in some eubacteria, such as
Aquifex aeolicus, CCA-adding activity is accomplished by two
enzymes: a class II CC-adding enzyme and an A-adding enzyme
(Tomita and Weiner, 2001, 2002; Bralley et al., 2005; Neuenfeldt
et al., 2008).
In the past decade, extensive crystallographic analyses of
class I archaeal CCA-adding enzymes complexed with various
RNA primers, in either the presence or absence of nucleotides,830 Structure 23, 830–842, May 5, 2015 ª2015 Elsevier Ltd All rightsunveiled the detailed mechanism of CCA addition by the class
I CCA-adding enzyme (Okabe et al., 2003; Xiong et al., 2003;
Xiong and Steitz, 2004; Tomita et al., 2006; Toh et al., 2008;
Pan et al., 2010). On the other hand, themechanismof CCA addi-
tion by a class II CCA-adding enzyme has not yet been fully eluci-
dated (Li et al., 2002; Augustin et al., 2003; Tomita et al., 2004;
Toh et al., 2009, 2011; Yamashita et al., 2014; Tomita and Yama-
shita, 2014).
The structures of the class II eubacterial CCA-adding enzyme
in its CTP and ATP bound forms revealed that both CTP and ATP
are recognized in a single active pocket and the nucleobases of
CTP and ATP are distinguished by the conserved Asp and Arg
residues in the pocket through Watson-Crick-like hydrogen
bonds (Li et al., 2002; Toh et al., 2009). However, the mechanism
by which nucleotide specificity is switched during the CCA addi-
tion by the class II CCA-adding enzymes has remained elusive
(Tomita and Yamashita, 2014). Moreover, the molecular basis
for the different activities of the class II enzymes, CCA-adding,
CC-adding, and A-adding enzymes, is not yet fully understood.
The detailed mechanism of CC addition by the CC-adding
enzyme was recently reported based on the complex structures
of the A. aeolicus CC-adding enzyme with various tRNAs, repre-
senting C74C75 addition onto tRNA (Yamashita et al., 2014).
However, the mechanism by which the A-adding enzyme adds
only A76, but not C74C75, has remained unclear, although the
complex structure of the A. aeolicus A-adding enzyme, with
tRNA lacking A76 and an ATP analog, was previously reported
(Tomita et al., 2004).
Here, we present crystal structures of A. aeolicus A-adding
enzyme in its apo and CTP (or ATP)-bound forms and its com-
plexes with various tRNA primers ending in either C74C75A76,
C74C75, or C74 in the presence or absence of ATP (or CTP).
These structural analyses revealed that the A-adding enzyme
has the potential to recognize both CTP and ATP using the
conserved Asp and Arg residues in the catalytic pocket. How-
ever, the size and shape of the nucleotide binding pocket at
the A76-adding stage are suitable for ATP. tRNA binds a single
specific register on the enzyme and the enzyme measures the
length of the tRNA acceptor-TJC helix using the C-terminal
domain of the enzyme as a starting point for measurement.
Only the 30-terminal nucleoside of tRNA ending in C74C75 can
reach the active site and accept AMP at position 76 of tRNA.
Hence, the A-adding enzyme adds only A76 and does not
add any nucleotide at positions 74 and 75 of tRNA lacking
C75A76 or C74C75A75. A comparison of the pre- and post-
A76-insertion complex structures also revealed the conforma-
tional change of the 30 end of tRNA in the catalytic pocket,reserved
which leads to the transition of the enzyme from the inactive
form to the active form for A76 addition.
RESULTS
Structures of the C-Terminal Half of A. aeolicus
A-Adding Enzyme
More than 1 month after crystal screening of full-length
A. aeolicus A-adding enzyme (AaL, amino acid residues 1–
824), we obtained a crystal that diffracted up to 1.5-A˚ resolution.
The crystal belongs to the space group P212121. The analysis of
the structure by molecular replacement revealed that a proteo-
lytic fragment of AaL had crystallized and the crystal contained
only one molecule corresponding to the C-terminal half of AaL
in the asymmetric unit (Figures S1A–S1C; amino acid residues
428–824) and lacked theN-terminal half of AaL. Finally, the struc-
ture of the proteolyzed region of AaL was modeled and refined
up to 1.5-A˚ resolution (form I; Table 1). The C-terminal half of
the crystal of A. aeolicus A-adding enzyme (AaLC, correspond-
ing to amino acid residues 442–824 of AaL, with Glu442 replaced
with Met) was also obtained under different crystallization condi-
tions. AaLC is as active as full-length AaL in vitro and in vivo
(Tomita and Weiner, 2001). The crystal belongs to the space
group P21 and contains two molecules in the asymmetric unit.
The apo structure was determined and the structure was refined
up to 3.3-A˚ resolution (form II; Table 1). Hereafter, amino acid
residue 442 in full-length AaL was defined as the starting
N-terminal methionine of AaLC (amino acid residue Met1).
Accordingly, the amino acid residues of AaLC were numbered
as in previous reports (Tomita et al., 2004; Toh et al., 2009).
The overall structure of AaLC adopts a seahorse-like shape
and consists of head, neck, body, and tail domains (Figure 1A).
The loop (amino acid residues 82–93) in the head domain
of the form I and II structures was disordered and was not
modeled. The root-mean-square deviation (RMSD) of the Ca
atoms (351 amino acid residues) of the form I and form II struc-
tures is 0.79 A˚. The apo AaLC structure is almost identical to
the previously reported apo structures of the class II Bacillus
stearothermophilus and Thermotoga maritima CCA-adding en-
zymes (Li et al., 2002; Toh et al., 2009) but is distinct from the
class II A. aeolicus CC-adding enzyme (Yamashita et al., 2014).
In the previously reported AaLC structure, in the complex with
tRNA and an ATP analog, the tail domain was not properly
modeled, due to the poor electron densities of the domain
(Tomita et al., 2004). In the present apo structures, the electron
densities corresponding to the tail domain were clearly visible
(Figure S1D). In the tail domain, the a22 and a23 a-helices
interact with each other through hydrophobic interactions, while
a23 interacts with a19 in the body domain through several
hydrogen-bonding and stacking interactions (Figure 1B).
Glu309 in a19 hydrogen bonds with Arg377 in a23 and the OH
groups of Tyr311 and Tyr314 in a19 form hydrogen bonds with
Glu373 and Lys376 in a23, respectively. Tyr311 also stacks
with the side chain of Met380 and the main chain of Arg377
and Tyr314 stacks with the side chains of Val348 and Met380.
The high-resolution structure of the C-terminal half of AaL
(form I) also allowed us to re-evaluate the previously reported
complex structure of AaLC with tRNA ending in C74C75 and
an ATP analog (Tomita et al., 2004), as described below in detail.Structure 23Complex Structures of A-Adding Enzyme with CTP
or ATP
Since very few form I proteolytic AaL crystals were obtained and
the crystallization of the proteolytic AaL was not reproducible,
CTP or ATP was soaked in the crystals of AaLC (form II).
In the structures of ATP-bound and CTP-bound AaLC, both
ATP and CTP are accommodated in the same pocket between
the head and neck domains (Figures 1C–1E). The NH2 groups
of ATP and CTP hydrogen bond with Asp149 and the N1 atom
of ATP and the N3 atom of CTP hydrogen bond with Arg152.
The O2 atom of CTP also hydrogen bonds with Arg152 (Figures
1C–1E). Arg155, Arg162, and Arg21 hydrogen bond with the
triphosphate moieties of ATP and CTP. An extensive hydrogen
bond network is formed in the nucleotide binding pocket. The
Nd atom of Asn109 hydrogen bonds with the Od1 atom of
Asp105 and the Od2 atom of Asp105 hydrogen bonds with the
Nh atom of Arg155. The Od atom of Asn109 hydrogen bonds
with the Nh atom of Arg21. The hydrogen bond between
Asp105 and Arg155 stacks with the nucleobases of ATP and
CTP. The manner of recognition of CTP and ATP by AaLC, in
the absence of a tRNA primer, is the same as that of the class
II CCA-adding enzyme (Li et al., 2002; Toh et al., 2009). These re-
sults suggested that AaLC has the potential to recognize both
CTP and ATP as substrates.
An in vitro analysis revealed that AaLC can incorporate CMP
into tRNA ending in C74C75 (termed tRNACC hereafter) but
only in the presence of CTP in the reaction, although the effi-
ciency of CMP incorporation is less than 0.1% of that of AMP
incorporation as described below (Figures 1F and 1G). The Km
values of ATP and CTP for incorporation of AMP and CMP into
tRNACC are estimated to be 98 ± 33 mM and 220 ± 70 mM,
respectively. Thus, the AaLC pocket has higher affinity for ATP
than CTP at the nucleotide incorporation stage. The incorpora-
tion of AMP at position 76 of tRNA is not inhibited in the presence
of equal molar amounts of other nucleotides (CTP, GTP, or UTP)
in vitro (Tomita and Weiner, 2001). Hence, ATP is preferentially
selected as the consequence of competition among nucleotides.
The kcat values are 0.10 and 0.15 3 10
3 for incorporation of
AMP and CMP into tRNACC, respectively (Figures 1F and 1G).
The kcat/Km value for incorporation of CMP into tRNACC is less
than 0.1% compared with that for incorporation of AMP into
tRNACC. Thus, the reduced incorporation of CMP into tRNACC
mainly arose from kcat rather than Km. As described below, at the
nucleotide insertion stage, since the size of the nucleotide bind-
ing pocket is larger than CTP, the 50-triphosphate of CTP in the
pocket would be inappropriately located relative to the 30-OH
group of C75 of tRNA. Thus, improper placement of the a-phos-
phate of CTP would prevent the 30-OH of C75 from nucleophili-
cally attacking the a-phosphate of CTP.
Complex Structures of A-Adding Enzyme with tRNA and
ATP or an Analog
The previously reported complex structure of AaLC with
tRNACC and an ATP analog (a,b-methyleneadenosine
50-triphosphate; AMPcPP) was re-evaluated and refined using
the refined AaLC apo structure (Figure 1A, Table 1). In the previ-
ously reported complex structure, the electron densities corre-
sponding to the tail domain of AaLC and the anticodon region
of tRNA were poor (Tomita et al., 2004)., 830–842, May 5, 2015 ª2015 Elsevier Ltd All rights reserved 831
Table 1. Data Collection and Refinement Statistics
Form I, apo
Form II tRNACC +
AMPcPP tRNACCAapo ATP CTP
Data Collection
Space group P212121 P21 P21 P21 P21212 P21212
Cell dimensions
a, b, c (A˚) 54.51 58.60 57.71 58.40 58.92 58.66
67.74 109.66 109.06 108.09 109.48 110.30
127.50 85.27 85.09 84.92 125.90 126.25
a, b, g () 90, 90, 90 90, 110.09, 90 90, 109.84, 90 90, 110.08, 90 90, 90, 90 90, 90, 90
Wavelength (A˚) 0.98000 0.98000 1.00000 0.97897 1.000 1.00000
Resolution (A˚) 50–1.5 (1.55–1.50) 50–3.3 (3.42–3.30) 50–3.1 (3.21–3.09) 50–3.1 (3.21–3.10) 50–2.8 (2.87–2.8) 20–3.1 (3.21–3.10)
Rsym (%) 4.0 (36.6) 17.0 (146.1) 10.9 (140.0) 7.6 (118.9) 6.7 (39.8) 12.4 (285.3)
I/sI 30.4 (6.4) 9.3 (1.1) 14.3 (1.3) 16.1 (1.3) 22.4 (4.3) 17.3 (1.2)
CC1/2 0.999 (0.957) 0.993 (0.473) 0.998 (0.540) 0.998 (0.553) – 0.999 (0.475)
Completeness (%) 99.5 (99.5) 99.2 (93.8) 99.6 (97.0) 98.4 (98.3) 99.2 (95.7) 98.9 (97.9)
Redundancy 9.5 (9.5) 4.2 (4.2) 4.2 (4.2) 3.8 (3.8) – 14.1 (14.1)
Refinement
Resolution (A˚) 20–1.5 20–3.3 20–3.1 20–3.1 20–2.8 20–3.2
No. of reflections 75,966 15,192 18,119 17,858 20,534 15,234
Rwork/Rfree (%) 15.58/17.61 20.25/22.88 21.26/26.30 18.09/23.09 21.54/26.72 24.06/28.85
No. of atoms
Protein 3104 5937 5937 5937 3046 3046
tRNA – – – – 1601 1623
Ligand/ion 31 – 64 58 32 –
Water 488 – – – – –
B-factors (A˚2)
Protein 27.3 145.2 125.5 136.1 113.5 192.0
Ligand/ion 35.8 – 82.6 86.0 277.2 345.8
Water 39.2 – – – – –
RMSDs
Bond lengths (A˚) 0.005 0.002 0.002 0.005 0.002 0.003
Bond angles () 0.96 0.61 0.65 0.93 0.62 0.62
tRNAC + ATP tRNAC + CTP tRNACC + ATP tRNACC + CTP tRNACC _6bp tRNACC _8bp
Data Collection
Space group P21212 P21212 P21212 P21212 P21212 P21212
Cell dimensions
a, b, c (A˚) 59.31 58.87 59.22 58.87 58.05 58.74
111.76 111.27 111.74 111.39 110.30 110.07
127.99 127.86 127.80 127.92 123.45 127.76
a, b, g () 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90
Wavelength (A˚) 0.98000 0.98000 0.98000 0.98000 0.98000 0.98000
Resolution (A˚) 20–3.5 (3.63–3.50) 20–3.4 (3.53–3.41) 20–3.4 (3.53–3.41) 20–3.1 (3.21–3.10) 20–3.5 (3.63–3.50) 20–3.2 (3.31–3.20)
Rsym (%) 22.2 (129.2) 16.7 (207.3) 20.7 (195.6) 13.7 (155.2) 10.4 (161.4) 15.1 (175.2)
I/sI 8.9 (1.9) 11.1 (1.1) 12.0 (1.9) 12.0 (1.3) 12.0 (1.3) 11.8 (1.4)
CC1/2 0.996 (0.788) 0.998 (0.572) 0.998 (0.716) 0.998 (0.673) 0.999 (0.739) 0.998 (0.689)
Completeness (%) 99.9 (99.4) 99.7 (98.7) 99.9 (99.9) 99.7 (98.8) 99.9 (99.6) 99.9 (99.1)
Redundancy 7.2 (7.3) 7.2 (7.2) 14.3 (14.6) 6.4 (6.5) 6.4 (6.3) 7.2 (7.3)
Refinement
Resolution (A˚) 20–3.5 20–3.4 20–3.4 20–3.1 20–3.5 20–3.2
No. of reflections 11,158 11,953 12,087 15,717 10,392 14,222
(Continued on next page)
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Table 1. Continued
tRNAC + ATP tRNAC + CTP tRNACC + ATP tRNACC + CTP tRNACC _6bp tRNACC _8bp
Rwork/Rfree (%) 27.69/30.20 26.70/30.86 26.70/32.73 27.72/32.18 25.87/31.20 26.74/30.36
No. of atoms
Protein 3046 3046 3046 3046 3046 3046
tRNA 1581 1581 1601 1601 1557 1643
Ligand/ion 31 29 31 29 – –
B-factors (A˚2)
Protein 171.2 197.4 188.0 166.3 262.6 173.0
tRNA 328.9 345.3 347.8 332.3 448.5 337.9
Ligand/ion 151.4 226.1 190.0 174.4 – –
RMSDs
Bond lengths (A˚) 0.002 0.002 0.002 0.003 0.002 0.002
Bond angles () 0.49 0.53 0.51 0.58 0.47 0.52
Values in parentheses are for the highest-resolution shell.The previous native dataset, which had been processed with
the space group P2, was processed with the space group
P21212. The crystal contains one complex molecule in the asym-
metric unit. The structure was modeled and refined using the
refined form I AaLC structure (Table 1). In the refined complex
structure (Figure 2A), the electron densities corresponding to
the tail domain of AaLC were clearly detected, and those of the
anticodon and TJC and D loops of the tRNA molecule were
also visible (Figure S1E).
The surface area electrostatic potential of AaLC in the com-
plex structure revealed that tRNA binds AaLC using the posi-
tively charged areas of the enzyme (Figure 2B). The catalytic
cleft between the head and neck domains and the cleft between
the tail domain and the C-terminal part of the body domain are
positively charged. The acceptor-TJC helix of tRNA (the top
half of tRNA) is enfolded by AaLC using these positively charged
areas. The 30 part of tRNA enters the catalytic cleft between the
head and neck domains, and the elbow region of the L-shaped
tRNA, including the TJC and D loops of tRNA, is accommo-
dated in the cleft between the body and tail domains. The amino
acid residues in the catalytic pocket region and the tail domain,
which are used for tRNA recognition, are conserved among the
A-adding enzymes (Figure S2).
In the refined complex structure, the tail domain (a22 and
a23) of AaLC interacts with the TJC and D loops of the
tRNA molecule (Figures 2A and 2C). The base moiety of the
nucleoside at position 19 (G19) interacts with the side chain
of Leu368 and the main chain of Gly365 in a23, and the ribose
moiety of G19 interacts with the side chain of Lys366. The
ribose of the nucleoside at position 56 (C56) interacts with
the side chain of Ile355 in a22, and the base moiety of C56
stacks with the side chain of Ile372 in a23. Lys366 in a23 inter-
acts with the phosphate backbone of the D loop of tRNA.
Arg346, Lys347, and Lys349 in a19 interact with the TJC
loop of tRNA. Thus, the tail domain (a22 and a23) and the
C-terminal region of the body domain (a19) of AaLC work
together to recognize the core of the L-shaped ternary struc-
ture of the tRNA molecule. In the refined structure, the tRNA
acceptor helix interacts with the body and neck domains,Structure 23and the 50 part of tRNA interacts with the head domain, as
previously reported (Figure 2D). The Od atom of Asn194
hydrogen bonds with the 20-OH group of the A73 ribose. The
OH group of Ser284 hydrogen bonds with the phosphates of
C4 and C5. Lys197 forms a hydrogen bond with the 20-OH
group of G2, and Arg201 forms hydrogen bonds with the 40-
O atom of G2 and the 20-OH group of G1. Lys72 interacts
with the 50-phosphate of G1. The mutation of Arg201, which
interacts with the 20-OH group of the 50-terminal G1, reduced
the A-adding activity of AaLC (Tomita et al., 2004), suggesting
the importance of this residue for 50-terminal nucleoside
recognition.
To examine the importance of the tail domain for tRNA recog-
nition in more detail, the a-helices (a21, a 22, and a 23) in the tail
domain were deleted. The deletion mutants (Da23, -Da22-23,
and -Da21-23) of AaLC were expressed in E. coli as soluble pro-
teins and were homogeneous in the final size-exclusion chroma-
tography. Thus, the overall structures of the AaLC variants,
including the head and neck domains and the N-terminal part
of the body domain, were not severely altered by the deletions.
In vitro biochemical studies revealed that the deletions of the
C-terminal a-helices of AaLC reduced the A-adding activity (Fig-
ure 2E), suggesting the important role of the tail domain in tRNA
recognition.
Complex Structures of A-Adding Enzyme Representing
the Pre-insertion Stage
In the previously reported complex structure and its refined
structure in this study, the 30-OH group of C75 is far from the
a-phosphate of the incoming ATP analog and the catalytic car-
boxylates, Asp31, Asp33, and Glu74 (Figure 3A). However, the
6-NH2 group and the N1 atom of the ATP analog hydrogen
bond with Asp149 and Arg152, respectively, and Arg104
hydrogen bonds with the 30-OH group of the ATP analog. Hence,
the structure was interpreted as a pre-insertion state, where ATP
has been selected but the enzyme is not ready for catalysis
(Tomita et al., 2004; Xiong and Steitz, 2006). The Od atom of
Asp149 also hydrogen bonds with the 4-NH2 group of C75 and
Arg103 hydrogen bonds with the O2 atom of C75; thus, at the, 830–842, May 5, 2015 ª2015 Elsevier Ltd All rights reserved 833
Figure 1. Overall Structure of Aquifex aeoli-
cus A-Adding Enzyme
(A) Overall structure of the A. aeolicus A-adding
enzyme, AaLC (form II). The head, neck, body, and
tail domains are colored magenta, green, cyan,
and orange, respectively.
(B) Detailed views of the tail domain of AaLC. In-
teractions between a22 and a23 (left) and between
a19 and a23 (right).
(C) ATP recognition by AaLC.
(D) CTP recognition by AaLC. ATP and CTP are
depicted by stick models and the average kicked
Fo Fc omit maps of the nucleotides, contoured at
3.0 s, are colored gray in (C) and (D).
(E) Superimposition of the catalytic pocket struc-
tures in (C) and (D). CTP (cyan) and ATP (magenta)
are depicted by stick models.
(F) In vitro AMP and (G) CMP incorporations into
tRNA ending in C74C75 (tRNACC) with various
AMP (or CMP) concentrations. The bars in the
graph indicate the SDs of more than two inde-
pendent experiments. See also Figure S1.pre-insertion stage, C75 of tRNA is specifically recognized by
Asp149 and Arg103.
ATP was soaked into the complex crystal of AaLC with
tRNACC and this structure was also analyzed (Table 1). In the
structure, the ATP is not incorporated into tRNA (Figures S3A
and S3B). The reaction may not proceed under the crystalliza-
tion conditions containing 2-propanol, or alternatively the
crystal packing of the AaLC-tRNA complex might impair the
catalysis. A flexible loop (amino acid residues 83–93 in AaLC)
in the head domain is required for A76 addition in vitro and834 Structure 23, 830–842, May 5, 2015 ª2015 Elsevier Ltd All rights reservedin vivo by the class II A-adding and
CCA-adding enzymes (Neuenfeldt
et al., 2008; Toh et al., 2009), and it
may interact with the 30-CC of tRNA. In
the present complex structure, the loop
was not clearly visible. The superimposi-
tion of the structure of the complex onto
the T. maritima CCA-adding enzyme re-
vealed that the loop region would impair
the crystal packing (Figure S4). There-
fore, the ATP that was soaked into the
crystal of the AaLC-tRNA complex
would not react. The structure of the cat-
alytic site of the complex structure is
almost identical to that of the complex
of AaLC, tRNACC, and AMPcPP, and
thus the structure also represents a
pre-insertion state (Figures S3A and
S3B).
At the pre-insertion stage, extensive
hydrogen bonds are formed in the
pocket, as observed in the AaLC apo
structures. The hydrogen bond between
Asp105 and Arg155 stacks with the
adenine of the ATP analog. The adenine
of ATP (or ATP analog) forms Watson-
Crick-like hydrogen bonds with Asp149and Arg152, and the size and shape of the nucleotide binding
pocket are suitable for ATP accommodation (Figure 3B). The
smaller CTP can bind in the pocket and interact with Asp149
and Arg152 (Figures S3C and S3D). However, since the size of
the nucleotide pocket is larger than CTP, CTP would not snugly
fit in the pocket. The a-phosphate of CTP would be located
improperly, relative to the locations of the 30-OH of C75 and
the catalytic residues, and thus CMP cannot be incorporated
efficiently (Figures 1F and 1G). Hence, ATP is preferentially incor-
porated at position 76 of tRNA.
Figure 2. Complex Structure of AaL with
tRNA and ATP/ATP Analog
(A) Overall complex structure of AaLC with
tRNACC and an ATP analog. The head, neck,
body, and tail domains are colored as in Figure 1A
and tRNA is colored gray. The TJC loop and the D
loop of tRNA are colored blue and red, respec-
tively.
(B) Electrostatic surface area potential of AaLC
in the complex. Positively and negatively
charged areas are colored blue and red,
respectively. The tRNA is depicted by a gray stick
model.
(C) Detailed view of the interactions between the
tail and body domains and the TJC and D loops
of tRNA.
(D) Detailed view of the interactions between the
neck and body domains and the acceptor helix of
tRNA.
(E) In vitro 32P-AMP (upper panel) or CMP
(lower panel) incorporation into tRNA lacking CCA
(tRNAD), CA (tRNADC), or A (tRNADCC), under
standard assay conditions by AaLC variants.
AaLC-Da23, -Da22-23, and -Da21-23 are deletion
mutants of the C-terminal a-helices of AaLC.
TmCCA (Thermotoga maritima CCA-adding
enzyme) was used as a positive control.
(F) In vivo analysis of CCA-adding activities (To-
mita and Weiner, 2001) by AaLC-Da23, AaLC-
Da22-23, and AaLC-Da21-23. The AaLC variants
do not function as CCA-adding enzymes in vivo.
See also Figures S1 and S2.Complex Structure of A-Adding Enzyme Representing
the Post-insertion Stage
The complex structure of AaLC with tRNA ending in C74C75A76
(hereafter termed tRNACCA) was determined and the structure
was finally refined up to 3.2-A˚ resolution (Figure 3C, Table 1).
The structure represents a post-insertion stage, where AMP is
incorporated at position 76 of tRNA but the product tRNACCA
is retained on the enzyme. In the structure, the TJC loop, the
D loop, and the acceptor-TJC helix of tRNA interact with the
enzyme, as observed in the complex structure of AaLC with
tRNACC and ATP/AMPcPP (Figure S3E). On the other hand, in
the catalytic site, the conformation of the 30 end of tRNA is
different from that observed in the pre-insertion structures (Fig-
ure 3D). In the post-insertion stage structure, the N1 atom and
the 6-NH2 group of the A76 base hydrogen bond with Arg152
and Asp149, respectively, as in the pre-insertion stage structure
(Figure 3A). However, in the post-insertion stage structure, the
hydrogen bond between the 4-NH2 of C75 and Asp149 at
the pre-insertion stage is lost, and instead, the O2 atom and
the N3 atom of C75 hydrogen bond with Arg103 (Figures 3CStructure 23, 830–842, May 5, 2015and 3D). As a result, the phospho-
diester-bond between C75 and A76 is re-
located in the proximity of the catalytic
carboxylates (Asp31, Asp33, and Glu74).
The insertion stage structure was
modeled (Figure 3E) from the post-inser-
tion stage structure. In the model, ATP
binds within the nucleotide bindingpocket through Watson-Crick-like interactions with Asp149
and Arg152, and the O2 and N3 atoms of C75 of tRNACC are
recognized by Arg103, as in the post-insertion stage. As a result,
the 30-OH group of C75 relocates toward the catalytic carboxyl-
ates and attacks the a-phosphate of ATP in the pocket.
The RRD motif, comprising amino acid residues Arg103,
Arg104, and Asp105 in AaLC, is conserved among the class II
CCA-adding and A-adding enzymes (Figure S5). In the insertion
stages, Arg103 plays an important role in the recognition of C75
of tRNA. Arg104 interacts with the 30-OH group of ATP and
Asp105 interacts with the adenine base of ATP. Consistent with
the importance of the RRD motif, as revealed by the structures,
mutations of the RRD motif in AaLC (Arg103Ala, Arg104Ala,
and Asp105Ala) all reduced the incorporation of AMP into tRNA
lacking A76 in vitro (Figure 3F, Tomita et al., 2004).
Complex Structure of A-Adding Enzyme with tRNA
Lacking CA
The complex structures of AaLC with tRNA ending in C74
(termed tRNAC hereafter) in the presence of ATP or CTPª2015 Elsevier Ltd All rights reserved 835
Figure 3. Structure of the Catalytic Pocket
of AaLC
(A) Structure of the catalytic pocket and
recognition of AMPcPP at the pre-insertion
stage. tRNACC and AMPcPP are depicted by
stick models, and the average kicked Fo Fc omit
maps of AMPcPP and the 30 part of tRNA,
contoured at 3.0 s, are colored green and gray,
respectively.
(B) Surfacemodel of the nucleotide binding pocket
at the pre-insertion stage. AMPcPP is depicted by
a stick model.
(C) Structure of the catalytic pocket of AaLC
complexed with tRNACCA representing the
post-insertion stage. The tRNA is depicted by
a stick model and the average kicked Fo  Fc
omit maps of the 30 part of tRNA (A76 and C75),
contoured at 3.0 s, are colored green and gray,
respectively.
(D) Superimposition of the pre-insertion and post-
insertion catalytic pocket structures. The catalytic
pocket structures of the pre-insertion and post-
insertion stages are colored magenta and cyan,
respectively. The arrows in the figue represent the
relocation of the phosphodieter-bond between
C75 and A76 during the insertion stage.
(E) Structural model of the insertion stage. tRNA
and ATP are depicted by stick models.
(F) In vitro AMP incorporation into tRNA ending
in C74C75 (tRNACC), incubated for 5 min under
standard assay conditions with AaLC variants
(Arg103Ala, Arg104Ala, and Asp105Ala). The
graph indicates quantification of 32P-labeled RNA
products in the gels. The Y axis units of the graphs
represent the intensity of the 32P-labeled bands
quantified in (F), and are photostimulated lumi-
nescence (PSL). See also Figures S3–S5.were analyzed (Figures 4A and 4B). CTP or ATP was soaked in
the complex crystal of AaLC and tRNAC. In the structures,
tRNA interacts with the enzyme, as observed in the complex
structure of AaLC with tRNACC and the ATP/ATP analog (Fig-
ure 2A), and no structural differences in the enzymes were
apparent between the two complexes. Importantly, as
observed in the complex structures of AaLC with tRNA lacking
the terminal A76 (tRNACC, Figure 1), the tail and C-terminal
body domains of AaLC interact with the TJC and D loops of
tRNAC and the head and neck domains of AaLC interact with
the 50 part of tRNAC. These findings suggested that tRNA binds
the AaLC surface in a single register of the enzyme, regardless
of the nucleotide sequence at the 30 end of tRNA, and AaLC
measures the distance between the TJC and D loops and
the 50 end of tRNA, as discussed below.
In the structures, the electron densities corresponding to
ATP and CTP were clearly visible in the catalytic pocket (Fig-
ures 4A and 4B) and the nucleobases of CTP and ATP form
Watson-Crick-like hydrogen bonds with the conserved
Asp149 and Arg152. However, the distances between the 30-
OH groups of C74 in tRNAC and the catalytic carboxylates
and a-phosphate of ATP (or CTP) are longer than those in
the complex structures of AaLC with tRNACC and ATP (or
CTP) (Figures S3F and S3G). tRNAC binds to the same site836 Structure 23, 830–842, May 5, 2015 ª2015 Elsevier Ltd All rightsof AaLC as tRNACC (Figure 4C). Hence, 30-C74 of tRNAC
cannot reach the active site and AaLC would not add any
nucleotide at position 75 of tRNA.
Complex Structure of A-Adding Enzyme with tRNA
Mutants
The structural analyses described above suggested that AaLC
measures (or monitors) the acceptor-TJC helix length of tRNA
and that AMP incorporation would be sensitive to the length of
the acceptor-TJC helix of tRNA.
Biochemical studies using tRNA variants with various
acceptor helix lengths (Figure 5A) revealed that the length of
the acceptor-TJC helix of tRNA is important for AMP incorpo-
ration into tRNA by AaLC. The efficiencies of AMP incor-
poration into tRNA with either a shorter acceptor helix
(tRNACC_6bp) or an elongated acceptor helix (tRNACC_8bp)
are lower than that into wild-type tRNA (tRNACC_7bp) (Figures
5A–5C). The Km values of tRNAs for incorporation of AMP into
tRNACC_6bp, tRNACC_7bp, and tRNACC_8bp are estimated
to be 0.69 ± 0.20 mM, 0.69 ± 0.28 mM, and 0.13 ± 0.03 mM,
respectively (Figure 5D). The kcat values are 0.035, 0.140, and
0.018 for incorporation of AMP into tRNACC_6bp, wild-type
tRNACC_7bp, and tRNACC_8bp, respectively (Figure 5D).
kcat/Km values for incorporation of AMP into tRNACC_6bpreserved
Figure 4. Complex Structure of A-Adding Enzyme with tRNA Lacking CA
(A) Structure of the catalytic pocket of AaLC complexed with tRNAC and ATP.
(B) Structure of the catalytic pocket of AaLC complexedwith tRNAC and CTP. The 30 end nucleoside (C74) of tRNA and the nucleotides (ATP or CTP) are depicted
by stick models, and the average kicked Fo  Fc omit maps of the nucleotides (ATP or CTP), contoured at 3.0 s, are colored green.
(C) Superimposition of the structures of AaLC complexed with tRNAC and ATP (magenta) and with tRNACC and AMPcpp (cyan). See also Figure S4.and tRNACC_8bp are reduced to 24% and 68% compared
with that into the wild-type tRNACC_7bp. The reduced incor-
poration of AMP into tRNA variants arises from kcat rather
than Km.
To further explore the mechanism by which AaLC specifically
detects the acceptor helix length of tRNA for AMP incorpora-
tion, we also analyzed the complex structures of AaLC with
tRNACC_6bp or tRNACC_8bp (Figures 5E–5J).
In the complex structures of AaLC with tRNACC_6bp (Fig-
ure 5E), the 50 part of tRNACC_6bp is located at almost the
same position as that of wild-type tRNACC in the complex
with AaLC (Figures 2D, 5F, 5G, and Figure S6A). A superimpo-
sition of the complex structure of AaLC with tRNACC_6bp onto
that with wild-type tRNACC revealed that tRNACC_6bp binds
to the enzyme in a different orientation from that observed in
the complex structure with wild-type tRNACC (Figure 5E).
The tRNACC_6bp anticodon helix rotates by approximately
four degrees, compared with wild-type tRNACC, relative to
the enzyme surface. The elbow region of tRNA interacts less
with the C-terminal region of the enzyme (Figure 5E), due to
the shortened acceptor helix of tRNACC_6bp. The different
orientation of tRNACC_6bp binding to AaLC is reflected in
the shortened c axis of the unit cell of the complex crystal (Fig-
ure S6B). In the complexes with tRNACC_6bp and wild-type
tRNACC, the structures of AaLC are essentially the same and
no differences in AaLC are apparent between the two com-
plexes (Figure 5E). Hence, the distance between the tail and
head domains in AaLC is maintained. tRNACC_6bp does not
interact with the enzyme surface in the same manner as wild-Structure 23type RNACC but it binds to the enzyme surface in a different
orientation, with the same affinity toward the enzyme as wild-
type tRNACC. The different orientation of tRNACC_6bp binding
to the enzyme alters the geometry of the 30 part of
tRNACC_6bp in the catalytic pocket (Figure 5F). This altered
geometry is not favorable for AMP incorporation to proceed
and thus the kcat value for AMP incorporation into tRNACC_6bp
is reduced (Figure 5D).
In the complex structure of AaLC with tRNACC_8bp,
tRNACC_8bp binds to the enzyme in the same manner
as wild-type tRNACC (Figure 5H). The elbow region of
tRNACC_8bp interacts with the C-terminal part of AaLC.
The 50 nucleoside of tRNACC_8bp is extended toward the
head domain by one nucleoside (Figure 5I and Figure S6C)
and Lys72, Lys197, and Arg201 interact with G2 and G3 of
tRNACC_8bp. The 30-C of tRNACC_8bp is located in the
active pocket, as observed for A76 of tRNACCA in the com-
plex with AaLC (Figure 5J). This would explain the higher af-
finity of tRNACC_8bp toward the enzyme than wild-type
tRNACC (Figure 5D). The superimposition of the complex
structure of AaLC with tRNACC_8bp onto that with tRNACCA
revealed that the 30-C of tRNACC_8bp (C75C76) is farther
away from the catalytic carboxylates compared with the
30-A of tRNACCA (Figure 5J and Figures S6D and S6E).
This would reflect the size difference of the 30 nucleotide
(adenine or cytidine) of tRNA. The size of the nucleobase-in-
teracting pocket is suitable for the accommodation of ATP.
Thus, the 30-C base of tRNA_8bp does not fit snugly in the
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Figure 5. Complex Structure of A-Adding
Enzyme with tRNA Mutants
(A–C) Time course of in vitro AMP incorporation
into tRNA variants under various concentration of
tRNAs. The nucleotide sequences of the acceptor
helices of tRNA variants used for the A-adding
assays are depicted in parentheses. tRNACC_6bp
(A), tRNACC_7bp (B), and tRNACC_8bp (C) are
tRNAs with 6, 7, and 8 base pair acceptor helices
with the 30-CC sequence, respectively. The graph
indicates quantification of 32P-labeled RNA prod-
ucts in the gels.
(D) AMP incorporation rates into tRNA variants
with various concentrations of tRNA and 300 mM
ATP, calculated from (A–C). The bars in the graph
indicate the SDs of more than two independent
experiments.
(E) Superimposition of the structures of AaLC
complexed with tRNACC_6bp (green) and with
tRNACCA (magenta).
(F) A detailed view of the acceptor regions of
tRNAs in (F).
(G) Interactions between the 50 part of
tRNACC_6bp and AaLC.
(H) Superimposition of the structures of AaLC
complexed with tRNACC_8bp (cyan) and with
tRNACCA (magenta).
(I) A detailed view of the acceptor region of tRNA
in (F).
(J) A detailed view of the catalytic pocket in (I). See
also Figure S6.In the complex structure of AaLC with tRNACC_8bp, the cat-
alytic pocket is occupied by the 30-C of tRNACC_8bp, resulting
in less AMP incorporation into tRNACC_8bp by AaLC. As
described above, since the size and shape of the catalytic
pocket are suitable for adenine base accommodation, the 30-C
of tRNACC_8bp does not fit snugly in the pocket and would be
mobile. Thus, although ATP could be accommodated in the
pocket, the orientation of the 30-C would not be favorable
for AMP incorporation for catalysis. This would also result in
significant but reduced AMP incorporation onto the 30 end of
tRNACC_8bp (Figure 5D).
Together, these complex structures of AaLC with mutant
tRNAs, along with the biochemical studies, suggest that the
recognition of the 50 end of tRNA as well as the D and TJC loops
by AaLC are important for AMP incorporation into tRNA by AaLC.
AaLC measures or monitors the acceptor-TJC helix length of
tRNA for A76 addition and only the 30-C of tRNACC can accept
AMP at position 76.838 Structure 23, 830–842, May 5, 2015 ª2015 Elsevier Ltd All rights reservedDISCUSSION
In most organisms, the CCA-30 end of
tRNA is built and/or repaired by a sin-
gle enzyme, CCA-adding enzyme, using
CTP and ATP as substrates, without a
nucleic acid template. However, in some
eubacteria, such as A. aeolicus, the
CCA-30 is synthesized by two enzymes:
one adds C74C75 and the other addsA76 (Tomita andWeiner, 2001, 2002; Bralley et al., 2005; Neuen-
feldt et al., 2008).
Previous biochemical studies suggested that tRNA neither
translocates nor rotates relative to the enzyme during CCA addi-
tion by CCA-adding enzymes (Shi et al., 1998; Yue et al., 1998;
Cho et al., 2006) and that only one tRNA binding site resides
on the surface of the enzymes for CCA addition. The present
structural and biochemical results with the A. aeolicus A-adding
enzyme are consistent with the previous observations using the
CCA-adding enzyme in that there is a single tRNA binding site on
the surface of the A-adding enzyme. The results obtained for the
A. aeolicus A-adding enzyme are distinct from those for the
A. aeolicus CC-adding enzyme in that the CC-adding enzyme
has two tRNA binding sites on the surface of the enzyme and
tRNA translocates and rotates during CC addition by the CC-
adding enzyme (Yamashita et al., 2014).
The TJC and D loops of tRNAs, ending in either C74C75A76,
C74C75, or C74, are enfolded by the tail and body domains in a
Figure 6. Mechanism of A Addition by the
A-Adding Enzyme
(A) A addition by the A-adding enzyme. The neck
domain is inflexible. The tRNA binds the enzyme,
using a single site, and the 30 end nucleoside of
tRNA ending in either a discriminator nucleoside
(tRNAD) or C74 (tRNADC74) cannot reach the
active site (inactive state). Only the 30-C75 of tRNA
ending in C74C75 can reach the active site for
catalysis (active state).
(B) CCA addition by the CCA-adding enzyme.
tRNA binds the enzyme by using a single site,
similar to the A-adding enzyme. The neck domain
of the CCA-adding enzyme is flexible and the head
domain of the CCA-adding enzyme relocates to-
ward the neck domain to catalyze C74 and C75
addition. See also Figure S4.similar manner and the 30 parts of tRNAs enter the catalytic cleft
between the head and neck domains. The interactions between
the TJCandD loops of tRNA and the tail and body domains sug-
gested that the ternary structure of tRNA is recognized by the
A. aeolicus A-adding enzyme (Figures 2A and 2C). The interac-
tion between the enzyme and the D loop of tRNA may explain
previous biochemical studies showing that the kinetics of CCA
addition into themini-helix, which lacks the interactions between
the TJC loop and the D loop of tRNA, differed from those into
tRNAs (Dupasquier et al., 2008; Hou, 2010).
The interactions between the C-terminal domain of
A. aeolicus A-adding enzyme and the TJC and D loops of
tRNA, as well as those between the head domain of the enzyme
and the 50-terminal nucleoside of tRNA, are required for A addi-
tion and would not allow any movement of tRNA. The deletions
of the a-helices in the tail domain of A. aeolicus A-adding
enzyme cause a reduction in the A addition to tRNA ending in
C74C75 in vitro (Figure 2E). The C-terminal domain of the
A-adding enzyme reportedly had an inhibitory effect on CC
addition (Tretbar et al., 2011). In some A-adding enzymes,
such as that from Deinococcus radiodurans, the deletion of
the C-terminal region allowed the enzymes to add CCA in vitro
(Tretbar et al., 2011), suggesting that the deletion of the tail
domain facilitated tRNA binding on the enzyme surface in an
alternative orientation. As a result, the 30 end of tRNA could
reach the active site and tRNA would adopt a different geometry
capable of CCA addition using a single nucleotide binding
pocket with the potential to recognize both CTP and ATP. In
the case of the A. aeolicus A-adding enzyme, the deletion of
the C-terminal region does not allow the enzyme to add CCA
in vitro as well as in vivo (Figures 2E and 2F).
Thus, the C-terminal domain of every A-adding enzyme does
not inhibit CC addition and would not dictate the specificity of
the A-adding enzyme. The structures of the C-terminal domains
of the A. aeolicus A-adding enzyme and the T. maritima CCA-
adding enzyme are quite homologous (Tomita and Weiner,
2001, 2002; Toh et al., 2009). It is more likely that the C-terminal
domain, especially the tail domain, of the A. aeolicus A-adding
enzyme also lacks an inhibitory effect on CC addition, as re-Structure 23vealed by our in vitro and in vivo analyses (Figures 2E and 2F).
Instead, it simply functions to hold the TJC and D loops of
tRNA tomeasure the length of its acceptor-TJC helix. This func-
tion would also apply to the class II CCA-adding enzyme, as
described below.
The A. aeolicus A-adding enzyme is sensitive to the length of
the acceptor-TJC helix of tRNA (Figures 5A–5D), although the
effect is rather modest. As described above, the lower but signif-
icant incorporation of A into tRNA with a shorter or longer
acceptor helix might partly result from the improper and/or alter-
native binding of these tRNA variants onto the enzyme for catal-
ysis (Figures 5E–5J). Thus, together with the structural analyses,
it is most likely that the enzyme monitors and measures the
length of the acceptor-TJC helix of tRNA, using the head and
tail domains of the enzyme as the starting and end points,
respectively. Only the 30-C75 of tRNA ending in C74C75 would
reach the active site to accept AMP at position 76, and the
30-C74 of tRNA ending in C74 cannot reach the active pocket
and thus cannot accept any nucleotide at position 75 of tRNA
(Figure 6A).
In the structures of the pre- and post-insertion stages, the
adenine base of ATP is recognized by the conserved Asp149
and Arg152 residues through Watson-Crick-like hydrogen
bonds. The mechanism of ATP recognition by the A-adding
enzyme is different from those of the class II eubacterial poly(A)
polymerases (Toh et al., 2011) and other polymerases (Takeshita
et al., 2012) and the size of the nucleotide binding pocket is suit-
able for ATP accommodation at the pre- and post-insertion
stages (Figure 3B). Comparison of the two structures suggested
the arrangement of the 30 part of the tRNA molecule, which facil-
itated the modeling of the insertion stage structure (Figure 3E).
ATP binds the nucleotide binding pocket through Watson-
Crick-like interactions with Asp149 and Arg152, and the O2
and N3 atoms of C75 of tRNACC are recognized by Arg103.
As a result, the 30-OH group of C75 relocates toward the catalytic
carboxylates and attacks the a-phosphate of ATP. In both the
pre- and post-insertion structures, the loops (amino acid
residues 82–93) in the head domain are flexible and disordered.
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CCA-adding and A-adding enzymes suggested that the loop in
the head domain is required for only A76 addition but not
C74C75 addition (Neuenfeldt et al., 2008; Toh et al., 2009; Hoff-
meier et al., 2010). At the insertion stage, recognition of the 30
part of the tRNA molecule by the flexible loop or bridging be-
tween the head and neck domains by the loop would allow or
trigger the relocation of the 30-OH group of C75 of tRNA toward
the catalytic carboxylates to attack the a-phosphate of ATP.
The amino acid sequence of the A. aeolicus A-adding enzyme
is quite homologous to that of the T. maritima CCA-adding
enzyme and they are phylogenetically closely related (Tomita
and Weiner, 2001, 2002). Consequently, the overall structures
of the A. aeolicus A-adding enzyme and the T. maritima CCA-
adding enzyme superimposed well (Toh et al., 2009). Thus,
tRNAwould bind the T.maritimaCCA-adding enzyme in a similar
manner to that observed in the complex of A. aeolicus A-adding
enzyme and tRNA, and the T. maritima CCA-adding enzyme
would also measure the acceptor-TJC helix length of the
tRNA molecule using the tail domain as a starting point (Fig-
ure 6B). The interactions between tRNA and the tail domain
would not allow any movement of tRNA during the CCA-adding
reaction. Then, why can the T. maritima CCA-adding enzyme
add C74C75 in addition to A76? Previous biochemical and ge-
netic analyses of A. aeolicus A-adding enzyme and T. maritima
CCA-adding enzyme chimeras suggested that the flexibility of
the neck domain defines the number of nucleotide incorpora-
tions and the nucleotide specificity of the class II CCA-adding
enzyme (Toh et al., 2009). Thus, as discussed, the lack of flexi-
bility in the neck domain of the A-adding enzyme will not allow
the enzyme to add C74C75 when tRNA binds to the single
tRNA binding site of the enzyme (Figure 5A). On the other
hand, the flexibility of the neck domain of the CCA-adding
enzyme would allow the catalytic head domain to relocate to-
ward the 30 end of tRNA, and thus the CCA-adding enzyme
can add C74C75 onto it even though tRNA binds to the single
tRNA binding site on the enzyme and does not translocate rela-
tive to the enzyme surface during the process (Figure 6B). The
exact mechanisms of CCA addition by class II CCA-adding en-
zymes will be elucidated by structural studies of these enzymes,
which will provide the precise mechanism of nucleotide speci-
ficity switching during CCA addition.EXPERIMENTAL PROCEDURES
Purification of A. aeolicus A-Adding Enzyme and tRNA
The full-length and C-terminal half of A. aeolicus A-adding enzyme, termed
AaL and AaLC, respectively, were expressed in Escherichia coli as C-termi-
nal His6-tagged proteins and purified as described (Tomita and Weiner,
2001; Tomita et al., 2004) with slight modifications. The full-length AaL ex-
pressed in E. coli was purified by binding to Ni-NTA agarose (QIAGEN,
Japan) and the proteins were then fractionated by chromatography on
HiTrap Q HP and HiTrap Heparin HP (GE Healthcare) columns. The proteins
were finally purified by chromatography on a HiLoad 16/60 Superdex 200
column (GE Healthcare) in a buffer containing 25 mM Tris-Cl (pH 7.0),
200 mM NaCl, and 10 mM b-mercaptoethanol, concentrated to 10 mg/ml.
The C-terminal half of the A. aeolicus A-adding enzyme, AaLC, which is as
active as full-length AaL (Tomita and Weiner, 2001), was expressed in
E. coli and purified by the same procedures described above. The tRNA tran-
scripts lacking CA or A and other tRNA variants were synthesized using line-
arized mutant plasmids by T7 RNA polymerase in vitro and were purified as
described (Tomita et al., 2004).840 Structure 23, 830–842, May 5, 2015 ª2015 Elsevier Ltd All rightsCrystallization and Data Collection
Full-length AaL (40 mM) was crystallized by the sitting drop method at 20C
using a reservoir solution containing 0.2 M potassium sulfate and 20% (w/v)
polyethylene glycol 3350. The C-terminal half of AaL, AaLC (40 mM), was crys-
tallized by the same method at 20C, using a reservoir solution containing
0.1 M NaCl, 0.1 M Tris-Cl (pH 8.5), and 20% (w/v) polyethylene glycol mono-
methyl ether 550. AaLC (40 mM) and various tRNAs (40 mM each) were mixed
in the presence of 5 mM MgCl2 and the complexes were crystallized by the
hanging drop method at 20C using a reservoir solution containing 0.1 M
KCl, 25 mM MgCl2, 50 mM sodium cacodylate trihydrate (pH 6.0), and 15%
(v/v) 2-propanol. For the preparation of the AaLC complex with CTP or ATP,
the AaLC crystal was soaked in a reservoir solution containing 2 mM ATP
(or CTP) and 3.5 mM MgCl2 at 20
C for 2 hr. For the preparation of the AaLC
complex with tRNA (or its variants) in the presence or absence of ATP
(or CTP), the AaLC-tRNA complex crystal was soaked in a reservoir solution
containing 2 mMATP (or CTP) and 3.5 mMMgCl2 at 20
C for 2 hr. The crystals
were cryo-protected with 20% (v/v) glycerol and flash-cooled in a 100-K nitro-
gen stream. The data were collected at the beamlines BL-17A, BL-5A and
NM12A of KEK (Tsukuba), and processed using XDS (Kabsch, 2010) and
HKL2000 (Otwinowski and Minor, 1997).
Structure Determinations and Refinements
The form I apo AaLC structure was determined by molecular replacement us-
ing the structure of AaLC in the complex with tRNA (Tomita et al., 2004) as a
search model, by Phaser (McCoy et al., 2007). Model building and fitting
were performed with Coot (Emsley et al., 2010) and the refinements were per-
formed with PHENIX (Adams et al., 2010). The form II apo AaLC structures
were determined by molecular replacement using the form I apo structure
and refined as a perfect twin (P21 emulating C2221). For the re-evaluation of
the complex structure of AaLC with tRNA lacking A76 and AMPcPP, the mtz
file of the entry (PDB ID 1VFG) was downloaded from the PDB (http://www.
rcsb.org/pdb/home/home.do), and the space group was converted from P2
to P21212 with the utilities in PHENIX (Adams et al., 2010) and the CCP4 suite
(Winn et al., 2011). The other complex structures with tRNA variants were
determined by molecular replacement using the refined complex structure of
AaLC with tRNA and AMPcPP as a search model. The average kicked omit
maps (Praznikar et al., 2009) and the Fo  Fo difference maps were calculated
with PHENIX (Adams et al., 2010).
In Vitro A-Adding Assay
For AMP (or CMP) incorporation into tRNA ending in C75, reaction mixtures
containing 50mMTris-Cl (pH 8.5), 100mMNaCl, 10mMMgCl2, 10mM b-mer-
captoethanol, 100 mM ATP (or CTP), 100 nM a-32P ATP (or CTP) (3,000 Ci/
mmol; PerkinElmer), 2 mM tRNA transcript, and 25 nM AaLC (or its variants)
were incubated at 45C for 5 min (standard assay conditions). The intensities
of the 32P-labeled RNAs were quantified by a BAS-5000 imager (Fuji Film).
For the determination of the Km values of ATP (or CTP), 20 ml of reaction mix-
tures, containing 50 mM Tris-Cl (pH 8.5), 100 mM NaCl, 10 mMMgCl2, 10 mM
b-mercaptoethanol, various amounts of ATP (32–250 mM) (or CTP 63–500 mM),
750 mCi/mmol), 25 nM AaLC, and 2 mM tRNA transcript, were incubated at
45C. At indicated time points (2, 4, and 8 min), 5 ml of reaction mixtures
were withdrawn and the reactions were stopped. The 32P-labeled RNAs
were separated by 10% (w/v) PAGE under denaturing conditions.
AaLC variants (Arg103Ala, Arg104Ala, and Asp105Ala mutants) were puri-
fied by the same procedures. The genes encoding the A. aeolicus A-adding
enzyme truncated at the C-terminal region (AaLC-Da23, -Da22-23, and
-Da21-23) were generated by PCR and cloned into the pET15 plasmid.
AaLC-Da23, AaLC-Da22-23, and AaLC-Da21-23 lack the C-terminal amino
acid residues 356–382, 351–382, and 341–382, respectively. The truncated
AaLC variants were expressed as N-terminal His6-tagged proteins and were
purified by the same procedures. For AMP (or CMP) incorporation into tRNA
ending in C75, the AaLC variants were assayed as described above.
For the determination of Km values of tRNA variants, 20 ml of reaction
mixtures containing 50 mM Tris-Cl (pH 8.5), 100 mM NaCl, 10 mM MgCl2,
10 mM b-mercaptoethanol, 300 mM ATP, 50 nM a-32P ATP (3,000 Ci/mmol,
PerkinElmer), and various concentrations of the tRNA transcript (100–
800 nM for tRNACC_6bp and tRNACC_7bp; 50–400 nM for tRNACC_8bp)
were incubated at 45C. At indicated time points (2, 4, and 8 min), 5 ml ofreserved
reaction mixtures were withdrawn and the reactions were stopped. The
32P-labeled RNAs were separated by 10% (w/v) PAGE under denaturing
conditions.
In Vivo CCA-Adding Assay
The genes encoding the A. aeolicus A-adding enzyme, truncated at the
C-terminal region (AaLC-Da23, -Da22-23, and -Da21-23), were cloned into
the pMW118 plasmid (Nippon Gene) as previously described (Tomita
and Weiner, 2001; Toh et al., 2009). E. coli strain CA244cca- (Reuven and
Deutscher, 1993) was transformed by the enzyme-expressing plasmids along
with the pSup3+(CGGOH) plasmid encoding an amber suppressor tRNASup
3+
gene with the CGG sequence at positions 74 to 76 between the llp promoter
and rrn terminator, and was cultured on an LB plate containing 50 mg/ml
ampicillin, 34 mg/ml chloramphenicol, 10 mg/ml tetracycline, 1 mM isopropyl-
b-D()-thiogalactopyranoside, and 20 mg/ml X-gal (5-bromo-4-chloro-3-
indolyl-b-D-galactopyranoside), at 37C.
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